Ischemia/reperfusion (I/R) injury of the intestine is an important cause of organ dysfunction that is induced by the restoration of blood flow after diverse events, including external injury shock and intestinal transplantation. In grafting the small intestine, intestinal mucosal barrier dysfunction causes bacterial translocation, 1) often leading to death; therefore, this dysfunction must be overcome by successful small intestinal transplantation. I/R injury occurs in the early phase of reperfusion, but most studies have focused on the relatively late phase.
Ischemia/reperfusion (I/R) injury of the intestine is an important cause of organ dysfunction that is induced by the restoration of blood flow after diverse events, including external injury shock and intestinal transplantation. In grafting the small intestine, intestinal mucosal barrier dysfunction causes bacterial translocation, 1) often leading to death; therefore, this dysfunction must be overcome by successful small intestinal transplantation. I/R injury occurs in the early phase of reperfusion, but most studies have focused on the relatively late phase.
In intestinal I/R injury, it has been reported that the influence of reactive oxygen species (ROS) is important.
2) During intestinal I/R, the expression level of nitric oxide (NO) is also changed, and vermiculation of the mucosal tract is induced by NO. It has been reported in models of I/R injury that NO causes tissue dysfunction, whereas in other reports, NO has been described as beneficial for I/R injury. [3] [4] [5] Thus, the role of NO in intestinal I/R injury is still controversial. NO is a transient product of inflammatory processes and is generated from L-arginine by NO synthase. This enzyme exists in three isoforms, neuronal (nNOS), endothelial (eNOS), and inducible (iNOS), and both nNOS and eNOS are Ca 2ϩ -and calmodulin-dependent constructive isoforms. 6) iNOS, which is expressed in response to cytokines and growth factors, produces a large amount of NO, which contributes to the pathophysiology of I/R injury. Additionally, mice with iNOS knockout are more resistant to intestinal I/R-induced bacterial translocation and mucosal injury, further supporting the role of iNOS as an important mediator of I/R injury in the intestine. 7) NO has many beneficial effects in I/R injury: scavenging oxygen free radicals, reducing leukocyte adhesion to the mesenteric endothelium, and maintaining normal vascular permeability [8] [9] [10] ; however, the presence of a large amount of NO as a free radical produced by iNOS has been implicated as a cytotoxic factor in a variety of pathophysiological processes, including various forms of inflammation and circulatory shock.
We established an in vivo intestinal I/R model, and reported the opening of tight junctions (TJ) and dysfunction of P-glycoprotein (P-gp) in the rat ileum. 11, 12) In our intestinal I/R model, it was clarified that NO, generated via iNOS, acts as an injury factor during reperfusion. 13) Aminoguanidine (AG) is a bifunctional molecule comprising the guanido group from L-arginine linked to hydrazine, and was first described by Corbett et al. 14) as a selective inhibitor of iNOS. Misko et al. 15) showed that AG selectively inhibits iNOS without increasing blood pressure; AG was 50-fold more effective on inhibiting the enzymatic activity of iNOS than eNOS or nNOS. 16) In the present study, we focused on NO as an injury factor and examined the inhibitory effect of AG, which is a selective iNOS inhibitor, on intestinal I/R injury for a longer term using our established in vivo intestinal I/R model.
MATERIALS AND METHODS

Materials
Fluorescein isothiocyanate (FITC)-dextran 4000 (FD-4) was purchased from Sigma Aldrich Co., Ltd. (Tokyo, Japan). All other reagents were of analytical grade or better.
Animals and Experimental Design Male Wistar/ST rats (8 weeks old) were purchased from Japan SLC Ltd. (Shizuoka, Japan). All animal experiments were performed according to the guidelines of Tokyo University of Pharmacy and Life Sciences. The animals were fasted for 18 h before starting the experiment. Water was freely available during fasting. We used an in vivo intestinal I/R model established using a spring balance and surgical sutures as previously reported. [11] [12] [13] Briefly, the superior mesenteric artery and vein in rats were occluded by hanging using surgical sutures (Shirakawa, Tokyo, Japan) connected to a spring balance for 60 min (ischemia condition), followed by reperfusion by cut-ting the sutures (reperfusion condition). The hanging force on the blood vessel during ischemia was 50 g (50 g load group) or 100 g (100 g load group). All experiments were performed under anesthesia with Somnopentyl ® (pentobarbital sodium, 50 mg/kg), and the body temperature was maintained at 37°C with a heat lamp. In CTRL, same surgical operation was treated but the ischemia process was deleted (sham operation). Because we had a lot of data about the change in ileum after intestinal I/R, we chose ileum as an experimental region. [11] [12] [13] Pretreatment with iNOS Inhibitor The rats were pretreated with a selective iNOS inhibitor, aminoguanidine (AG) (Sigma Aldrich, Tokyo, Japan). The rats were injected (intravenously) with 100 mg/kg 13, 17, 18) AG dissolved in 1 ml of physiological saline (0.9% NaCl) for 5 min before ischemia. Rats that were not administered AG were intravenously injected with 1 ml of physiological saline (0.9% NaCl) 5 min before ischemia.
Determination of Nitric Oxide Level NO production was quantified as the nitrite concentration in phosphatebuffered saline in an ileal loop (10 cm length) and plasma. The nitrite concentration in the samples was measured by the Griess reaction with 2,3-diaminonaphthalene according to the manufacturer's protocol (Dojindo, Kumamoto, Japan). The nitrite concentration was calculated by comparison with standard solutions of sodium nitrite prepared in saline solution.
Determination of Total Protein Level and Phospholipid An in situ ileum loop (60 cm length) was isolated in each rat at 60 min after reperfusion and mucosa scraped off was homogenized in buffer containing 0.05 mg/ml phenylmethylsulfonylfluoride, 300 mM mannitol, 12 mM Tris, and 5 mM ethylene glycol bis(2-aminoethylether)-N,N,NЈ,NЈ-tetraacetic acid (EGTA) (pH 7.1) with a tissue homogenizer. Protein was determined by a method using the Micro bicinchoninic acid assay (BCA) Protein Assay Reagent Kit (Thermo, Rockford, U.S.A.).
The phospholipid released from the ileal mucosa into phosphate-buffered saline in the ileal loop (10 cm length) during 1 h was determined. The phospholipid concentration in the samples was measured using a Phospholipid-C-Test Wako Kit (choline oxidase-N-ethyl-N-(2-hydroxy-3-sulfopropyl)-3,5-dimethoxyaniline (DAOS) method), according to the manufacturer's protocol (Wako, Osaka, Japan). The phospholipid concentration was calculated by comparison with standard solutions of choline chloride and phospholipid.
Absorption Experiments Using the in Situ Loop Method Intestinal absorption was evaluated by the methods described previously with slight modification. 19) Anesthesia was induced using Somnopentyl ® (pentobarbital sodium, 50 mg/kg) and rats were placed on a heating pad to maintain the body temperature at 37°C. The abdomen was opened by a midline longitudinal incision and a 10 cm ileal segment was isolated and cannulated at both ends with plastic tubing. The segment was rinsed with phosphate-buffered saline, pH 7.4. Sixty minutes after starting ischemia using surgical sutures connected to a spring balance, 3 ml of Krebs Henselite Bicarbonate Buffer (KHBB, pH 7.4) solution containing FD-4 (15 mg/kg) was added to the loop. Blood was sampled from the portal vein until 1 h after administration of FD-4. The concentration of FD-4 in plasma was measured using a fluorescent spectrophotometer (FP-6500; HITACHI, Tokyo, Japan). The area under curve (AUC ) of FD-4 was calculated by the trapezoidal method.
Preparation of RNA and cDNA Synthesis Total RNA was isolated from ileal and liver specimens using TRIzol reagents (Invitrogen Co. Ltd., Paisley, U.K.) according to the manufacturer's instructions. Complementary DNA (cDNA) was prepared from total RNA using ABI Prism 7000 for realtime polymerase chain reaction (PCR) according to the manufacturer's instructions. The two-step reaction mixture contained 2 mg of RNA, 100 ng of random hexamers, 0.5 mM deoxyribonucleotide triphosphate (dNTP) mix (deoxyadenosine triphosphate (dATP), deoxycytidine triphosphate (dCTP), deoxyguanosine triphosphate (dGTP), thymidine triphosphate (dTTP)), 10 mM Tris-HCl (pH 8.4), 25 mM KCl, 5 mM MgCl 2 , 10 mM dithiothreitol (DTT), and 10 units of RNase-OUT recombinant ribonuclease inhibitor.
Analysis of Gene Expression Level by Quantitative Reverse Transcription-Polymerase Chain Reaction (RT-PCR)
To perform the real-time PCR, 96-well reaction plates with optical adhesive covers and ABI PRISM 7000 Sequence Detection System were used. Assay-on-Demand Gene Expression Products were purchased for interleukin CTT GGC GAT GCT CAT GAA TG  TNF-a  Forward  GCA TGA TCC GAG ATG TGG AAC T  112 bp  NM-012675  Reverse  GCC ACG AGC AGG AAT GAG AA  iNOS  Forward  CTG GGT GAA AGC GGT GTT CT  101 bp  S-71597  Reverse  CCG ACT TCC TTG TCT CAG TAG CA  nNOS  Forward  GCC CAG TGC TCA ACT TCG AA  122 bp  AJ-305233  Reverse  CCA TGT GAC CCC GAA AAG G  GAPDH  Forward  TGA GGT GAC CGC ATC TTC TTG  102 bp  NM-017008  Reverse  TGG TAA CCA GGC GTC CGA TA (IL)-1b, IL-2, IL-4, IL-6, IL-10, interferon (IFN)-g, tumor necrosis factor (TNF)-a, nuclear factor (NF)-kB, iNOS, nNOS, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) ( Table 1) . Reverse transcription was performed for 1 mg of RNA using a cDNA High Capacity Archive kit (Applied Biosystems, Foster City, CA, U.S.A.) and random hexamers as primers. Quantitative PCR was performed on an SDS 7000 system from Applied Biosystems using a Universal MasterMix (Applied Biosystems, Foster City, CA, U.S.A.). The PCR conditions were 10 min at 90°C, followed by 40 cycles of 15 s at 95°C and 1 min at 60°C. All assays were RNA-specific (spanning exon-exon junctions) predesigned TaqMan Gene Expression Assays from Applied Biosystems ( Table 1) . Statistical Analysis All results are expressed as the meanϮstandard error (meanϮS.E.). Statistical significance between groups was analyzed using Tukey's test and pϽ0.05 was considered significant. Statistical significance of survival ratio between groups was analyzed using Log rank test and pϽ0.01 was considered significant.
RESULTS
Inhibitive Effects of AG on Generation of NO 2
؊ , Leaked Phospholipid, and Total Protein Level in Ileal Mucosa 0-1 h after Reperfusion In both the 50 g and the 100 g load groups, the amounts of NO 2 Ϫ (the active form of NO) that leaked in ileal loop were increased in a hanging-forcedependent manner during ischemia when compared with those in the control condition 0-1 h after reperfusion. In addition, the increase of NO 2 Ϫ was inhibited by the addition of AG, and no significant increase of NO 2 Ϫ generation in the 100 g load group compared with that in the control condition was observed (Fig. 1a) .
Because it is general to use changes of the quantity of protein in mucosal membrane and leakage phospholipid for index of the gastrointestinal mucous lesion, the changes were examined. The amounts of phospholipid that leaked from the ileal mucosa to the ileal loop were increased in a hangingforce-dependent manner 0-1 h after reperfusion when compared with those in the control condition (Fig. 1b) . In addition, total protein level in ileal homogenate was significantly decreased 0-1 h after reperfusion when compared with that in the control condition (Fig. 1c) . By AG administration, the amounts of phospholipid that leaked from the ileal mucosa to the loop tended to decrease, but the total protein level in the ileal homogenate was significantly increased (Figs. 1b, c) .
Inhibitive Effect of AG on Changes in Paracellular Permeability 0-1 h after Reperfusion The opening and closing of TJ during intestinal I/R were examined by an absorption experiment using FD-4, a representative paracellular marker. The AUC of 0 to 1 h after reperfusion (AUC 0-1 ) of FD-4 was significantly increased in a hanging-force-dependent manner during ischemia when compared with that in the control condition. In both the 50 g and the 100 g intestinal I/R groups with AG administration, the AUC 0-1 of FD-4 1740 Vol. 34, No. 11 tended to be smaller than that without AG (Fig. 2) .
Effects of AG on Survival Rate by 3 h after Reperfusion
In both the 50 g and the 100 g intestinal I/R groups without AG, changes of survival were not observed 3 h after reperfusion; their survival rates were 100%. However, in both the 50 g and the 100 g intestinal I/R groups with AG, the survival rates were significantly decreased by 4 h after reperfusion, with values of 55.9% and 46.7%, respectively (Fig. 3) .
Changes in Generation of NO 2 ؊ , Leaked Phospholipid, and Total Protein Level in Ileal Mucosa 3-4 h after Reperfusion Although in both the 50 g and the 100 g load groups the amounts of NO 2 Ϫ that leaked in ileal loop and phospholipid that leaked from the ileal mucosa to the ileal loop tended to increase in a hanging-force-dependent manner during ischemia compared with those in the control condition 3-4 h after reperfusion, the rate of increase tended to be smaller than that 0-1 h after reperfusion. In both the 50 g and the 100 g load groups with AG, the amounts of leaked phospholipid tended to increase compared with those without AG (Figs. 4a, b) . Moreover, the amounts in the 100 g load group with AG were significantly increased compared with those in the control condition.
At 3 to 4 h after reperfusion, the degree of the decrease of total protein level became smaller, and significant decrease was observed in the 100 g load group. In the condition of AG, the increase was not observed (Fig. 4c) .
Changes in Paracellular Permeability 3-4 h after Reperfusion At 3 to 4 h after reperfusion, we carried out an absorption experiment of FD-4, and calculated AUC of 3 to 4 h after reperfusion (AUC 3-4 ) . Although the AUC 3-4 of FD-4 was significantly increased in a hanging-force-dependent manner during ischemia compared with that in the control condition, the rate of increase was smaller than that 0-1 h after reperfusion. However, in the group administered AG, the absorption of FD-4 in both the 50 g and the 100 g groups was significantly increased in a hanging-force-dependent manner during ischemia compared with that in the control condition. Moreover, the increased values 3-4 h after reperfusion were significantly higher than those 0-1 h after reperfusion (Fig. 5) .
Effects of AG on Changes in mRNA Expression Level of Inflammatory and Anti-inflammatory Cytokines 1 and 3 h after Reperfusion At 1 and 3 h after reperfusion, although the mRNA expression level of nNOS did not change by intestinal I/R, the mRNA expression levels of other cytokines and iNOS were increased by intestinal I/R. At 3 h after reperfusion, although mRNA of inflammatory cytokines such as IL-2 and TNF-a tended to decrease compared with the levels 1 h after reperfusion, levels of mRNA of antiinflammatory cytokines such as IL-4 and IL-10 were significantly increased compared with those 1 h after reperfusion.
Upon AG administration, it was shown that the increase of IFN-g mRNA tended to be inhibited, and TNF-a mRNA was significantly inhibited 1 h after reperfusion. But 3 h after reperfusion, the mRNA expression level of inflammatory cytokines such as IL-2 and TNF-a were significantly increased compared with that without AG. On the other hand, the increase of mRNA of anti-inflammatory cytokines such as IL-4 and Il-10 were significantly inhibited by administration of AG.
Although the mRNA expression level of IL-4 was not changed between its value of 1 h and 3 h after reperfusion without AG administration, its value of 3 h after reperfusion with AG administration was significantly decreased compared with 1 h after reperfusion with AG administration (Table 2) .
DISCUSSION
The blood supply to small intestine was interrupted by occlusion of superior mesenteric artery and vein, followed by reperfusion for 4 h. First, we examined the changes in generation of NO 2 Ϫ and mucosal lesion until 1 h after reperfusion. The amounts of NO 2 Ϫ that leaked in the ileal loop and phospholipid that leaked from the ileal mucosa to the ileal loop were significantly increased in a hanging-force-dependent manner during ischemia compared with those in the control condition. In contrast, the amount of total protein was significantly decreased by this intestinal I/R. For these changes due to the intestinal I/R, AG as a selective iNOS inhibitor showed inhibitive effects in both the 50 g and the 100 g groups, resulting in the return of the levels to the range not significantly different from those of the control (Fig. 1) .
Furthermore, increase of AUC 0-1 of FD-4 as a paracellular marker owing to the intestinal I/R was inhibited by administration of AG (Fig. 2) . We have already reported that changes in the function and expression of ileal P-gp, which is an important ATP-binding cassette transporter, by intestinal I/R. 11, 12, 20, 21) Moreover, we reported AG significantly inhibited the decrease of ileal P-gp function to excrete P-gp substrate, rhodamine 123, into the ileal lumen and expression by intestinal I/R until 1 h after reperfusion. 13) These results showed that AG can inhibit intestinal I/R injury until 1 h after reperfusion.
We continued to examine the effects of AG until 4 h after reperfusion. In our in vivo intestinal I/R model, 24 h after reperfusion, the survival ratios in the 50 g and 100 g intestinal I/R groups were 90% and 60% (data not shown), but the survival ratios in the 50 g and 100 g intestinal I/R groups by 3 h after reperfusion were both 100% (data not shown). However, the survival ratios in the 50 g and 100 g intestinal I/R groups administered AG 3 h after reperfusion were significantly decreased, at 55.9% and 46.7%, respectively (Fig. 3) . Because the effects of AG were not observed in the control condition, the toxicity of AG was not observed. Therefore, it was thought that I/R injury was induced by the effects of AG except toxicity 3 h after reperfusion. No significant differences of NO 2 Ϫ generation and phospholipid leakage were observed between the control condition and the intestinal I/R group 3 h after reperfusion, but they were significantly increased by administration of AG (Fig. 4) . It is thought that AG was effective to Rϭ1, but the effect was not observed at Rϭ3 for intestinal I/R injury. The reason is unknown and the detail should be further examined. The increase of the NO 2 Ϫ may be caused by increase of iNOS protein level and/or its activity 3 h after reperfusion. Moreover, the AUC 3-4 of FD-4 in the 100 g intestinal I/R group became significantly greater by the administration of AG (Fig. 5) . These results showed that AG recovered intestinal I/R injury 1 h after reperfusion, but thereafter the injury was induced again. Because increased membrane permeability may cause bacterial translocation in clinical contexts, the above occurrence is extremely dangerous.
Many reported studies have examined the inhibitive effects of AG on ischemia/reperfusion injury in heart, 22) brain, 23) small intestine, 24) and others. On the other hand, it has been reported that AG did not prevent intestinal mucosal injury after intestinal I/R 25) and hepatic I/R. 26) Therefore, the effects of AG on intestinal I/R injury remain controversial. However, there have been no reports of AG inducing intestinal I/R injury, as shown in this paper.
To clarify the change in the inflammation and the stress of the intestinal mucosa by AG administration, we examined the mRNA expression level of NOSs and cytokines as inflammation indexes in ileum 1 and 3 h after reperfusion. According to general classification of the inflammatory and anti-inflammatory cytokine, we selected IL-2, TNF-a and IFN-g as inflammatory cytokines, and IL-4 and IL-10 as anti-inflammatory cytokines.
Most mRNA expression levels tended to increase by intestinal I/R 1 h after reperfusion. In particular, TNF-a mRNA was significantly increased in a hanging-force-dependent manner during ischemia compared with that in the control condition, but the increase was inhibited by AG. On the other hand, 3 h after reperfusion, the increases of IL-4 and IL-10 mRNA were significantly inhibited by AG. The decrease of IL-4 mRNA and the increase of TNF-a mRNA were observed with AG administration 3 h after reperfusion. From the changes of these inflammatory parameters, it was shown that AG induced inflammation of intestinal mucosa by intestinal I/R 3 h after reperfusion (Table 2) .
NO has many beneficial effects in I/R injury, scavenging oxygen free radicals such as O 2 Ϫ , reducing leukocyte adhesion to the mesenteric endothelium, and maintaining normal vascular permeability. [8] [9] [10] Peroxynitrite (NO 3
Ϫ
) is a potent oxidant which is formed by a rapid reaction between NO and O 2 Ϫ , and plays various pathophysiological roles in the development of inflammation. [27] [28] [29] [30] It is thought that because AG inhibited generation of NO, the other reactive oxygen species (ROS) such as O 2 Ϫ and · OH are not scavenged. Accordingly, it was thought that the amount of O 2 Ϫ was increased by AG administration. Consequently, it is considered that intestinal I/R injury is induced by oxidation stress.
These results suggested that because the inhibition of iNOS during intestinal I/R induced generation of other ROS such as O 2 Ϫ and · OH, intestinal I/R injury can be induced more than that in conditions without iNOS inhibitor. Therefore, it is expected that the removal ROS by scavengers is more useful than inhibition of ROS generation for the inhibition of intestinal I/R injury. Even if NO is an injury factor, the inhibition of the pathway of generation of endogenous substance cannot inhibit intestinal I/R injury. Moreover, it was shown that the inhibition of iNOS during intestinal I/R may have induced more intestinal I/R injury.
In conclusion, although AG as an iNOS inhibitor can temporarily inhibit intestinal I/R injury, the injury was again induced and survival rate was significantly decreased 3 h after reperfusion. Thus compensation reaction, that is, an injury induced by other ROS such as O 2 Ϫ , by the iNOS inhibition was observed during intestinal I/R, it was shown that it is difficult to inhibit the intestinal I/R in the long term after reperfusion injury by a single administration of AG.
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